The mammalian target of rapamycin (mTOR) is a serine-threonine kinase that has been shown to be essential for the differentiation and function of various immune cells. Earlier in vitro studies showed that mTOR signalling regulates B-cell biology by supporting their activation and proliferation. However, how mTOR signalling temporally regulates in vivo germinal centre B (GCB) cell development and differentiation into shortlived plasma cells, long-lived plasma cells and memory cells is still not well understood. In this study, we used a combined conditional/inducible knock-out system to investigate the temporal regulation of mTOR complex 1 (mTORC1) in the GCB cell response to acute lymphocytic choriomeningitis virus infection by deleting Raptor, a main component of mTORC1, specifically in B cells in pre-and late GC phase. Early Raptor deficiency strongly inhibited GCB cell proliferation and differentiation and plasma cell differentiation. Nevertheless, late GC Raptor deficiency caused only decreases in the size of memory B cells and long-lived plasma cells through poor maintenance of GCB cells, but it did not change their differentiation. Collectively, our data revealed that mTORC1 signalling supports GCB cell responses at both early and late GC phases during viral infection but does not regulate GCB cell differentiation into memory B cells and plasma cells at the late GC stage.
Introduction
Humoral immunity is the central component of vaccination through which vaccines elicit long-lived plasma cells and memory B cells. As both of them are differentiated from germinal centre B (GCB) cells, GCB cell development is key to vaccine efficiency and effectiveness. 1, 2 GCB cell development involves complex extracellular signalling and intercellular interaction. During early B-cell responses, antigen-specific B cells are activated and interact with follicular helper T (Tfh) cells to form the GC. 3, 4 GCB cells become highly proliferative in the dark zone and undergo somatic hyper-mutation before moving to the light zone bearing the B-cell receptor (BCR) affinity selection via follicular dendritic cells and immunoglobulin heavy-chain class-switch. 5, 6 The B cells with high-affinity BCRs are selected and differentiated into antibody-producing plasma cells or memory B cells. 4, 7 However, how B cells integrate the signals from the microenvironment and are prompted to GCB cell differentiation is still unknown.
The mammalian target of rapamycin (mTOR) is a serine-threonine kinase that plays key roles in responding to extracellular signalling and controlling intracellular signalling and metabolism processes. 8 The signalling downstream of mTOR consists of the mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2) pathways. 9 mTORC1 mainly regulates autophagy, protein synthesis and glucose-lipid metabolism by S6K1, 4E-BP1, and PPARc. mTORC2 plays important roles in cytoskeleton organization, cell survival and migration. 8, 10 Recently, mTOR signalling has been shown to be deeply implicated in immune cell responses and differentiation, including memory establishment of CD8 cells, 11 differentiation of various CD4 sub-lineages, 12 responses of macrophages, 13 dendritic cells, 14 natural killer cells and granular cells. 8 However, the number of relevant reports on mTOR function in B cells is still limited, and the results remain controversial. 15 Rapamycin treatment has been a classic strategy used to study mTOR signalling in immune cell responses. Early studies showed that in vitro rapamycin treatment impeded B-cell proliferation and plasma cell differentiation. [16] [17] [18] [19] However, the strong BCR or Toll-like receptor signalling induced by agonists hardly reflected the B-cell responses in complex physiological conditions; moreover, rapamycin only partially inhibits mTOR signalling, mTORC1. 20 Using conditional knockout mice provides the possibility to investigate the role of mTOR in vivo. Constitutively inactivated mTOR knock-in mice showed decreased capacity of differentiation from B cells to plasma cells. CD19-Cre-induced mTOR-deleted mice showed impaired GC development and attenuated plasma cell differentiation. 3 Meanwhile, other reports have shown controversial results. Increasing mTOR activity by deleting its upstream inhibitor tuberous sclerosis 1 (TSC-1) resulted in unbiased plasma cell differentiation from B cells, 21 whereas another report showed that TSC-1 promotes plasma cell differentiation but is dispensable for GC formation. 22 One explanation for this discordance is that conventional or CD19-Cre-induced mTOR variation causes a B-cell development handicap before normal GC development. 15, 21, 23 A more precise knockout strategy should be used to elucidate the role of mTOR in GC establishment and plasma cell and memory B-cell differentiation.
Meanwhile, mTOR signalling converts different extracellular stimuli and intracellular signals into appropriate cell responses. B-cell responses are initiated and regulated precisely by successive signals from extracellular space or Tfh cells. 24 At each precise time-point, mTOR signalling should be adapted to ensure consistency in the temporal regulation with B-cell responses. However, very few studies addressing the temporal control of B-cell responses have been reported.
In this study, we investigated the temporal regulation of mTORC1 in B-cell responses to lymphocytic choriomeningitis virus (LCMV) infection using conditional and inducible knockout systems. We found that both pre-and late GC deletion of mTORC1 signalling strongly stunted the GCB cell response, but the differentiation of memory B cells and long-lived plasma cells from GCB cells was not impaired by late GC mTORC1 deficiency.
Materials and methods

Mice and treatment
C57BL/6J (B6), Aicda-Cre (stock number 018422), B1-8 hi (stock number 007775) and Rptor flox (stock number 013188) strains were purchased from Jackson Laboratory (Bar Harbor, ME). Homozygous Aicda-Cre-Rptor flox strains were obtained by back-crossing Aicda-Cre to Rptor flox strain, and genotypes were checked by standard PCR procedures as supplied by Jackson Laboratory. Aicda-ERT2-Cre mice were a gift from Dr Claude-Agn es Reynaud from Institut National de la Sant e et de la Recherche M edicale (INSERM). 25 To induce deletion of Raptor, 1 mg sunflower-oil-diluted tamoxifen was injected intraperitoneally into Aicda-ERT2-Cre-Rptor flox mice at the indicated time-points. An acute viral infection model was established by infecting mice with 2 9 10 5 plaque-forming units Armstrong LCMV via intraperitoneal injection. In rapamycin treatment experiments, mice were treated with 75 mg/kg rapamycin via intraperitoneal injection during the indicated post-infection periods. For vaccination with 4-hydroxy-3-nitrophenylacetyl conjugated with chicken gamma globulin (NP-CGG), mice were subcutaneously injected in both hind legs with 50 lg NP-CGG (Biosearch Tech., Novato, CA) emulsified 1 : 1 with complete Freund's adjuvant (Sigma, St Louis, MO); on day 8 post-vaccination the inguinal lymph nodes were extracted for cytometry analysis.
All handling of animals was performed following the guidelines of the Institutional Animal Care and Use Committees of the Third Military Medical University.
Flow cytometry and antibodies
Flow cytometry analysis was carried out using a FACSCanto II (BD Biosciences, Franklin Lakes, NJ) and the data were analysed using FLOWJO software (Tree Star, Ashland, OR). Surface staining was performed in PBS containing 2% fetal bovine serum (weight/volume). Staining for intracellular IgG and IgM were performed using a Cytofix/Cytoperm Fixation/Permeabilization Kit (554714; BD Biosciences). Intra-nuclear staining of Bcl-6, Foxp3 and Ki67 was performed using a Foxp3/Transcription Factor Staining Buffer Set (00-5523; eBioscience, San Diego, CA).
The antibodies and reagents used for flow cytometry staining are listed in the Supplementary material (Table S1 ).
Enzyme-linked immunosorbent assay
To determine LCMV-specific IgG titres, Nunc MaxiSorp 50 lg LCMV nucleoprotein. After blocking, diluted mouse serum and secondary antibody horseradish peroxidaseconjugated goat anti-mouse IgG (1036-05; SouthernBiotech, Birmingham, AL) were successively incubated for 90 min at room temperature. The signal was revealed using o-phenylenediamine dihydrochloride (P8787; Sigma).
Virus titration
LCMV viral loads in tissue samples were quantified using a quantitative PCR (qPCR) assay as described previously. 26 In brief, the viral RNA in serum, spleen or diluted virus solution with known titre was extracted and retro-transcribed to cDNA. The primers NP-R 5 0 -cagaccttggcttgctttacacag-3 0 and NP-F 5 0 -cagaaatgttgatgctggactgc-3 0 were used to detect and quantify the viral RNA copies by standard RT-qPCR.
Bone-marrow chimeric mice
The bone marrow of C57BL/6J (CD45.1) and Aicda-CreRptor flox (CD45.2) mice was collected and transferred at a ratio of 4 : 6 into lethally irradiated C57BL/6J (CD45.1) mice via intravenous injection with a total bone marrow cell count of 5 million per mouse. The bone marrow was reconstructed for 10 weeks before the chimeric mice were infected with LCMV. 
RT-qPCR
-gccaccttcgcaa- caagtct-3 0 , Aicda-Reverse, 5 0 -ccgggcacagtcatagcac-3 0 ; Bcl6- Forward, 5 0 -agacgcacagtgacaaacca-3 0 , Bcl6-Reverse, 5 0 - agtgtgggtcttcaggttgg-3 0 ; Prdm1-Forward, 5 0 -agtgcaatgtctgt- gccaag-3 0 , Prdm1-Reverse, 5 0 -ttgagattgcttgtgctgct-3 0 ; Rptor- Forward, 5 0 -ctcggtacaagcagagcct-3 0 , Rptor-Reverse, 5 0 -tcttg- atgggagtggtgagg-3 0 .
Results
mTORC1 signalling sustained the GCB cell response to acute LCMV infection
To keep B-cell development intact with mTOR activity but temporally inactivate mTORC1 signalling during GC response, we crossed the Aicda-Cre mouse strain with the Rptor flox strain to create the Aicda-Cre/Rptor flox strain (Rptor-KO). RT-qPCR results showed that Rptor expression was strongly decreased in GCB cells but not in naive B cells or CD4 cells (Fig. 1a) . Cytometry results showed that CD98, a downstream marker of mTORC1 signalling, 27 had much lower expression in GCB cells from Rptor-KO mice (Fig. 1a) .
After LCMV infection, we observed a significant decrease in GCB cell frequency and total number in spleens of Rptor-KO mice on day 8. Annexin-V assays revealed increased apoptosis in Rptor-deficient GCB cells (Fig. 1b) . Furthermore, Rptor-KO mice showed lower Ki67 + GCB cell frequency. This lower GCB cell frequency was accompanied by lower BCL6 expression in Rptordeficient GCB cells (Fig. 1b) . RT-qPCR results confirmed the down-regulation of Bcl6 expression at the transcriptional level (Fig. 1b) , which explains the impaired GCB cell differentiation.
These results showed that mTORC1 sustained the GCB cell response during acute LCMV infection.
mTORC1 supported plasma cell differentiation and humoral response against acute LCMV infection
To confirm whether mTORC1 deficiency impairs humoral immunity, splenocytes from LCMV-infected Rptor-KO and wild-type mice were analysed by flow cytometry. Lower frequency and numbers of plasma cells were observed (Fig. 2a) , consistent with lower Prdm1 expression in Rptor-deficient plasma cells, implying impaired plasma cell differentiation from GCB cells (Fig. 2a) . LCMV-specific antibody in serum was much lower in Rptor-KO mice from day 8 to day 35 post-infection (Fig. 2b) . The impaired humoral immune response also led to decreased anti-viral protection, with higher LCMV titres in serum and spleens of Rptor-KO mice (Fig. 2b) .
Then, we assessed whether mTORC1 deficiency impaired antigen-specific B-cell responses in a protein immunization model. The Aicda-Cre/Rptor flox strain was further crossed with B1-8 hi (wild-type B1-8) mice, which possess NP-specific BCR, to obtain Rptor-KO B1-8. On day 8 following vaccination with NP-CGG via subcutaneous injection, the drained lymph nodes of Rptor-KO B1-8 and wild-type B1-8 were analysed by cytometry. The results showed that NP-specific GCB and plasma cells almost disappeared in Rptor-KO B1-8 mice (Fig. 2c) , suggesting that antigen-specific B-cell responses were highly dependent on mTORC1 signalling. These results showed that mTORC1 signalling supports B-cell responses to LCMV infection by sustaining GCB cell proliferation, differentiation and early plasma cell differentiation.
The attenuated humoral response in mTORC1-deficient mice showed that the humoral immune response was dependent on mTORC1 signalling.
GCB cell-intrinsic mTORC1 signalling regulated the GCB cell response
To more precisely assess the intrinsic role of mTORC1 in regulating B-cell responses, we generated chimeras by reconstituting irradiated wild-type (CD45.1 + ) recipient mice with a mixture of bone marrow cells from AicdaCre-Rptor flox (CD45.2 + ) and wild-type donor mice (CD45.1 + ) at a ratio of 4 : 6, in which the mTORC1-deficient B cells were in the same condition as wild-type B cells (Fig. 3a) . The chimeric mice infected with the Armstrong strain of LCMV and the splenocytes were analysed by cytometry on day 8 post-infection. Similar to Rptor-KO mice, CD45.2 + (Rptor-KO) cells had much lower frequency of GCB (Fig. 3b ) and plasma cells (Fig. 3c ) compared with CD45.1 + (wild-type) cells. These data showed that the mTORC1 signal regulated B-cell responses to acute LCMV infection in a B-cell intrinsic manner.
Temporal deletion of mTORC1 signalling in early GC development resulted in an impaired early humoral response
To study the temporal regulation of mTORC1 signalling in B-cell responses in different humoral response stages, an inducible Rptor-KO system was established with an Aicda-ERT2Cre-YFP strain. The Aicda-ERT2Cre-YFP mice expressed a tamoxifen-sensitive oestrogen receptor variant fused to Cre recombinase (ERT2-Cre) under the control of the endogenous Aicda promoter, while the coding sequence of yellow fluorescent protein (YFP) with a floxed stop codon was knocked in at the Rosa26 locus. 25 As Aicda is expressed after B-cell activation and Cre-mediated recombination occurs only in the presence of tamoxifen, deletion of the floxed gene in B cells can be induced by tamoxifen treatment after B-cell activation or during GCB cell phase. Moreover, B cells with active Cre recombinase could be traced by YFP expression. To validate this inducible system, the Aicda-ERT2Cre-YFP mice were infected with LCMV and treated with tamoxifen from day 3 to day 7 (Fig. 4a) . On day 12 post-infection, YFP + cells were found only among plasma cells and activated IgD À B cells (Fig. 4b) , indicating bona fide Cremediated deletion in early B-cell activation. Then, we crossed the Aicda-ERT2Cre-YFP (control) strain with the Rptor flox strain to generate Aicda-ERT2Cre-YFP/Rptor flox (iRptor-KO) mice, in which the deletion of Rptor could be induced by treatment with tamoxifen.
To induce the deletion in pre-GC phase, the iRptor-KO mice and control mice were infected with LCMV and treated with tamoxifen from day 3 to day 7. To confirm the Rptor deletion efficiency, RT-qPCR assays were carried out with sorted YFP + B220 + CD95 + PNA + GCB cells on day 12 post-infection; the results showed that both Rptor gene and mRNA copy number were strongly diminished in Rptor-deficient GCB cells (Fig. 4c) . When compared with the control mice, the iRptor-KO mice had lower frequency and numbers of YFP + GCB cells (Fig. 4c) , similar to the Aicda-Cre-Rptor mice. Ki67 and viability dye staining showed that the lower number of GCB cells was due to a lower proliferation rate and higher cell death in the GCB cell population (Fig. 4c) . Consequently, impaired plasma cell frequency and number occurred in iRptor-KO mice (Fig. 4d) .
The fact that induced deletion of Rptor from day 3 to day 7 post-infection impaired GCB and plasma cell development confirmed that mTORC1 signalling was critical for an effective humoral response in the early phase.
Late mTORC1 signalling supported post-GC humoral responses by maintaining the GCB cell population but was dispensable for splenic plasma cell, long-lived plasma cell and memory B-cell differentiation Then, we sought to investigate whether mTORC1 signalling played equally supportive roles in the late phase of the humoral response, i.e. late GC response. To this end, iRptor-KO and control mice were infected with LCMV and received tamoxifen treatment on days 10-15 post-infection, during which GC remain active, but their activity starts declining. As Aicda expression is still present in GCB cells, the treatment with tamoxifen was expected to delete mTORC1 activity in GCB cells during the post-GC stage, and at a later time-point YFP + cells included not only GCB cells that were still active but also the plasma cells, memory B cells and subsequent longlived plasma cells differentiated from the Rptor-deleted GCB cells.
As described above, splenocytes from both iRptor-KO and control mice were analysed on day 25 post-infection (Fig. 5a) . Rptor-deleted B cells and Cre-active control B cells were traced by YFP reporter gene expression. Total YFP + number was decreased in iRptor-KO mice (Fig. 5b) . This decline might be a result of lower frequency of YFP + GCB cells in Rptor-deficient mice, which was decreased to one-third that of control mice with the total number decreased to one-tenth that of the level in control mice (Fig. 5c) (Fig. 5c) , suggesting that loss of mTORC1 signal later impairs the total number of plasma cells and memory B cells in spleen without biasing their differentiation.
As the long-term plasma cells reside in bone marrow and serve as long-term antibody-secreting cells, we investigated the de novo generated plasma cells during LCMV infection by tracing YFP + plasma cells in bone marrow. The total number of de novo generated plasma cells was decreased in Rptor-deficient mice, whereas the IgG + frequency remained intact when compared with the YFP + plasma cells in control mice (Fig. 5d) .
These data showed that the post-GC deletion of mTORC1 in B cells impaired mainly GCB cell maintenance, leading to an attenuated number of plasma cells, memory B cells and bone marrow plasma cells without changing their differentiation.
Discussion
Because mTOR activity was shown to be necessary for early B-cell development 28 and B cells with constitutive or CD19-Cre-induced mTOR deficiency could not be activated correctly in in vitro or in vivo conditions, 1,3 the regulatory role of mTOR in further GCB cell, plasma cell and memory cell differentiation and function was difficult to study because the further differentiation and effector functions depend on appropriate B-cell activation. In our current study, Aicda-driven Cre-recombinase induced Rptor deletion only during early GCB cell development, with early activation intact. This strategy kept the mTOR signalling intact during B-cell development and early activation, ensuring correctly activated B cells before GCB cell development, which is an ideal mouse model for studying mTORC1 signalling in regulating B-cell responses.
In addition, mTOR signalling integrates different intracellular and extracellular signals and modulates them into cell responses to these signals, and GCB cells interact with Tfh cells through a complex cytokine/membrane regulatory signalling manner. Hence, it is more reasonable to propose that mTOR signalling should play temporal roles instead of a constant monotonic function in B-cell responses. How mTORC1 temporally regulates B-cell responses in different phases becomes important.
Our data showed that early mTORC1 signalling deficiency caused a defect in GCB cell formation on day 8 post-infection following acute LCMV infection, indicating that mTORC1 signalling played a critical role in early GCB cell development, which is critical to the entire humoral immune response because the long-term antibody-secreting plasma cells and memory B cells are derived from GCB cells. 4 Importantly, early GC mTORC1 deficiency caused impaired plasma cell differentiation with lower frequency and lower Prdm1 expression. With the reduced GCB cell population and hampered differentiation, plasma cell size was consequently strongly diminished (Fig. 2a) . With regard to those de novo generated plasma cells in the inducible model at early stage, the frequency of plasma cells was decreased among the YFP + plasma cell frequency and total number in the bone marrow of the CTL and iRptor-KO mice treated as described in (a).
*P < 0Á05 **P < 0Á005 (unpaired two-tailed t-test). cells, which confirmed that early mTORC1 signalling is also critical for plasma cell differentiation in the early GC phase. However, in the late GC phase, i.e. days 10-15 postinfection, late GC mTORC1 signalling deficiency did not change the frequency of long-lived plasma or memory B cells among total YFP + cells (Fig. 5c) , indicating intact differentiation of long-lived plasma and memory B cells, even though their total numbers were decreased in tamoxifen-treated iRptor-KO mice. The total number of long-lived plasma cells and memory B cells should be directly related to the poor maintenance of the GCB cell population, as the entire YFP + population issued from the same Cre-active GCB cells during day 10-15 postinfection. These results are consistent with those of Jones et al., 29 suggesting that mTORC1 signalling is important for the differentiation of short-lived plasma cells at the initial stage of GC reaction but dispensable for the differentiation of long-lived plasma cells from GCB cells within a GC reaction.
The centre of B-cell responses is the GC reaction, in which Tfh-GCB cell interactions are essential. 4 Recently, the regulatory role of mTOR in Tfh-GCB cell interactions was clearly dissected. 30 In fact, inactivation of mTORC1 signalling by rapamycin led to a halt of GCB cell responses and impaired helper CD4 T-cell differentiation during viral infection. 30 More recently, Tfh-intrinsic mTOR signalling was shown to support Tfh cell differentiation and function by re-modulating metabolism and promoting proliferation. 31, 32 Indeed, all the evidence gained with our recent data suggest that mTOR signalling is critical for B-cell responses by supporting both Tfh and GCB cell differentiation/proliferation and ensuring an appropriate interaction between Tfh and GCB cells.
Although several downstream targets of mTOR that regulate Tfh cell responses were found in recent studies, 31 ,32 the mechanism of regulation by mTOR in B-cell responses is still unclear. Further studies are required to explore the downstream targets of mTOR signalling in the regulation of B-cell responses.
Overall, this study disclosed the supportive role of mTORC1 signalling in B-cell responses, demonstrated that late GC mTORC1 signalling is dispensable for longlived plasma cell and memory B-cell differentiation, and revealed that mTORC1 signalling regulates B-cell responses differentially in a time-dependent manner.
